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ABSTRACT 
Lake Okeechobee, the second largest natural freshwater lake in the United States, 
had experienced a historical drought in 2007-2008 and the inflow to Lake Okeechobee 
has been reduced by 40% of the average daily mean between warm phase and cold phase 
due to the impact of Atlantic Multidecadal Oscillation in the past six decades. To cope 
with this water resources management problem, the US Army Corps of Engineers 
(USACE) proposed the largest national implementation plan of aquifer storage and 
recovery (ASR) project in the Kissimmee River Basin. Routine operation of ASR will 
deliver recovered water from ASR wells into the lake with different water quality 
parameters resulting in some concerns about the phosphorus stability issues at the 
sediment bed, which may lead to eutrophication problems. To explore the potential 
impacts of ASR operation on phosphorus stability in terms of adsorption, desorption, and 
diffusion processes, this research presented a systematic assessment based on five 
different mixing ratios between ASR water and lake water, and explored the sensitivity 
with respect to the chemical equilibrium between lake water and ASR water to predict the 
phosphorus stability changes in lake sediment. A series of lab-scale batch and column 
tests in support of a mechanistic modeling analysis provided a holistic chemical 
assessment as to how the phosphorus stability may be influenced by different mixing 
ratios. It led to an observation that the ratio of 1:10 between ASR water and lake water 
proved to be an optical ratio to avoid eutrophication and bring ecological benefits based 
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on a suite of criteria. 
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CHAPTER 1 : INTRODUCTION 
1.1 Overview 
Lake Okeechobee, the largest natural freshwater lake in the nation, exclusive of 
the Laurentian Great Lakes, covers approximately 1,732 km2 (730 square miles) and has a 
maximum storage capacity of 3.92 billion tons (1.05 trillion gallons) with the average 
water depth of 5.7 m (19 feet). The lake receives drainage from the Kissimmee River, 
Indian Prairie and Fisheating Creek basins to the north and west; from the Everglades 
Agricultural Area (EAA) to the south, and from the St. Lucie and Caloosahatchee Rivers 
from the east and west (Figure 1.1). Major land uses in these watersheds are agricultural, 
including vegetable, sugar cane and dairy farming (Hiscock et al., 2003). 
Due to the Atlantic Multidecadal Oscillation (AMO) impact, which is based on 
long term changes in the temperature of the surface of the North Atlantic Ocean, Lake 
Okeechobee experienced a historical drought in 2007-2008 and the inflow to Lake 
Okeechobee was reduced by 40% of the average daily mean from warm to cold phases 
due to the AMO impact (SFWMD, 2007; Chang, 2009; Figure 1.2). The US Army Corps 
of Engineers (USACE) proposed a large-scale implementation plan of Aquifer Storage 
and Recovery (ASR) in the Kissimmee River Basin and its surrounding area by the 
involves injecting water into an aquifer through 333 wells in wet seasons and then 
pumping it out back to Lake Okeechobee in dry seasons (SFWMD and USACE, 2008). 





















Figure 1.1 A map showing Lake Okeechobee Drainage Basin. (SFWMD, 2007) 
 











Figure 1.2 Minimum Water Levels of Lake Okeechobee during Period of Record 1931-2006 
(SFWMD, 2007) 
 
The ASR wells are capable of injecting approximately 1.5 billion gallons of water 
per day into the Floridan Aquifer System (FAS) during periods of high rainfall with water 
surplus. The water will later be withdrawn from the FAS and would then be available for 
discharge to Lake Okeechobee or returned to the surface water system during dry seasons. 
The sites and capacity of proposed CERP ASR wells are shown in Table 1.1. Due to the 
ASR operation, there is a potential concern about various ecological and chemical 
changes on flora and fauna, including both positive and negative feedbacks of the 
sediment stabilization and phosphorus concentrations in the lake water and in the 
receiving surface waters. The degree of the impact depends on the quantity and types of 
metals, alkalinity, and minerals in the recovered water during the dry seasons (Chang, 
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2009).   
Table 1.1 Sites and Capacity of Proposed CERP ASR Wells (SFWMD and USACE, 2008) 
Site Capacity (m3/day) 
Lake Okeechobee 3,785,000 
Caloosahatchee River 832,700 
L-8 Basin 189,250 
C-51 Basin 643,450 
Central PBC 283,875 
Hillsboro 567,750 
 
Sediments in the bottom of Lake Okeechobee can function as a source or sink for 
phosphorus. This process depends on the phosphorus content in the sediments, the 
physico-chemical properties of the sediments and the overlying water column. The lake’s 
large area and shallow depth lead to frequent resuspension of bottom sediments, 
especially during storm and hurricane events. Early laboratory sorption isotherm 
experiments on Lake Okeechobee sediments indicated that phosphorus sorption was 
highly non-linear and that the sorption capacity of the sediments is relatively low 
(Pollman, 1983). Phosphorus budgets of the lake also indicated that the assimilative 
capacity of the lake sediments has declined, and in some years may be a net source of 
phosphorus (Havens and James, 2005).  
The release of P from the resuspended sediments can cause the P concentration of 
the water column to remain high despite the reduction of external sources. The impact of 
bottom sediments on P release to the overlying water column is governed by a series of 
transport processes coupled with the biogeochemical transformations at the 
sediment-water interface. The key biogeochemical processes involved in mobilization of 
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P are: adsorption and desorption of inorganic P, mineralization of organic P, and 
dissolution of phosphatic minerals (Reddy, 1991). Quantification of these processes 
provided a better understanding of P biogeochemistry in the lake and its impact on water 
quality. The phosphorus stability of the sediments during these processes is regulated by 
factors such as dissolved oxygen, redox potential, pH, temperature lake water quality and 
associated physico-chemical properties of the sediments in Lake Okeechobee.  
Given that the property of recovered water from ASR wells has several 
differences and the injection of ASR water may change the quality of lake or river water, 
mixing of ASR water and lake water will probably impact the phosphorus stability in the 
surface sediments. The proportion (by volume) of ASR water to be mixed with the 
amount of lake water can be an important engineering management factor as to whether 
more phosphorus will be released into the water column, thereby aggravating the 
eutrophication problems of Lake Okeechobee. 
Advanced evaluation of environmental effects in Lake Okeechobee must be taken 
into consideration such as the complex nature of the ecosystem, both in terms of its 
distinct ecological zones (pelagic, littoral, near-shore fringe) and the diverse array of 
native biota that depend on this water resource (Havens et al. 1996). However, this study 
only focused on the metals including calcium, magnesium and iron, alkalinity, and the 
related mineral impacts on water quality of lake water and phosphorus equilibrium of 
sediments of mud zone in Lake Okeechobee due to the ASR operation.  
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1.2 Objectives 
The comparison of profiles between lake water and ASR water is shown in Table 
1.2. From the following table, we can see that the concentrations of calcium, sulfate, 
dissolved oxygen and alkalinity have large difference between lake water and ASR water. 
On the one hand, ASR water with lower phosphorus concentration can dilute the lake 
water and more iron may bond to phosphorus, thereby reducing the phosphorus 
concentration in water column.  Yet relatively lower alkalinity as well as calcium and 
magnesium concentrations in ASR water may cause more phosphorus to release while 
higher sulfate concentrations in ASR water may indirectly intensify this trend. The pore 
water layer may play an important role in regulating these processes. In this research, five 
different ratios between ASR water and lake water were considered to study how 
different amount of ASR water can impact the phosphorus equilibrium among lake water, 
pore water, and sediments. Therefore, the main objectives of this study are:   
(1) To identify the relevant mechanism that may be capable of predicting the change of 
phosphorus equilibrium due to the ASR operation; 
(2) To assess how the difference of alkalinity, cations and anions between ASR water and 
lake water affect the phosphorus equilibrium among water column, pore water and 
sediment of Lake Okeechobee based on five mixing ratios, respectively; 
(3) To explore the role which pore water plays among ASR water, lake water and 
sediment based on lab analysis; 
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(4) To suggest appropriate ASR operation in terms of mixing ratios to reduce the 
eutrophication potential and ecological effects. 
 
Table 1.2 Comparison of Profiles between Lake Water and ASR Water1 
Parameter Symbol Unit ASR Water Lake Water (Water Column) 
Lake Water 
(Pore Water) 
Calcium Ca mg/L 48 51.89 55.59 
Magnesium Mg mg/L 10 17.96 20.83 
Iron Fe mg/L 0.24 0 0.02 
Sulfate SO4 mg/L 150 53 37.27 
Chloride Cl mg/L 190 70 74.8 
Phosphorus SRP mg/L 0 0.46 0.47 
pH pH - 7.8 7.94 7.72 
DO DO mg/L 0.08 7.26 6.46 
Alkalinity(Total) Alk mg/L 88 153.6 198 
Note 1: The data is from our lab analysis of M8 zone lake water and sediments in Lake Okeechobee, 
Florida 
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1.3 Limitations 
The limitations of this research are related to the difference between natural and 
experimental conditions such as temperature changes, dissolved oxygen concentrations, 
biological reactions, etc. And some occasional errors in laboratory analysis are 
unavoidable. When injecting the ASR water into the columns, the sediments may be 
resuspended to some extent, and because of the limited time for chemical equilibrium to 
reach, it may have some impact on the accuracy of lab analysis results. In addition, some 
bacteria which may have some biological impacts on the equilibrium are not considered. 
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CHAPTER 2 : LITERATURE REVIEW 
2.1 Introduction to ASR Operation 
Aquifer storage and recovery (ASR) is storing water in a proper aquifer through a 
well during wet seasons when water is available, and recovering water form the same 
well during times when it is in need (Pyne, 1995). The injected water displaces the 
brackish aquifer water and the stored water is recovered via pumping for later beneficial 
use. ASR has been recognized as an innovative option for water supply and is being 
considered in many projects around the world (Durham et al., 2003). ASR wells required 
less land and may avoid water losses due to seepage and evaporation. Also, ASR wells 
can be located in the area where water is in need, thus reducing water distribution costs, 
and deficient surface water supplies (USACE, 1999). The beneficial applications of ASR 
wells have been summarized as follows (Pyne, 1995): 
1. Seasonal water storage to meet peak demands; 
2. Long-term storage to meet drought demands; 
3. Emergency source of potable water; 
4. Restoring natural groundwater levels; 
5. Reducing subsidence; 
6. Improve water quality; 
7. Preventing saltwater intrusion; 
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8. Agricultural water supply; 








Figure 2.1 Schematic Diagram of an ASR System (USACE, 2001) 
 
Activities in ASR in southern Florida have largely increased during the past 
decades. The CERP recommends installing approximately 333 ASR wells to assist the 
supply, storage and distribution of water within the South Florida region (SFWMD, 2004). 
The CERP presents an operational plan for Lake Okeechobee that maximizes water 
storage opportunities, restores the ecological environment of the Lake, enhances wildlife 
populations, and protects coastal estuaries and public health (SFWMD, 2004). This plan 
includes the construction of up to 200 ASR wells installed adjacent to Lake Okeechobee 
(with associated pre- and post- treatment facilities), with a total pumping capacity of a 
billion gallons of water per day (SFWMD, 2004). 
The project is to store partially treated surface water or groundwater in ASR wells 
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in wet seasons, within the underlying Floridan Aquifer System (FAS), for subsequent 
recovery during dry seasons. The implementation of regional ASR technology is expected 
to assist to minimize high volume water releases from Lake Okeechobee to the St. Lucie 
and Caloosahatchee River estuaries (USACE, 2004). During dry seasons, recovered water 
from the ASR wells would be used to preserve the surface water level within Lake 
Okeechobee and associated canals throughout the Everglades, and to increase water 
supply demands (USACE, 2004). 
ASR wells have some potential disadvantages including low recharge and 
recovery rates relative to surface storage, which limit capture rates of available water, and 
losses due to the mixture with brackish or saline aquifers (USACE, 1999). While slightly 
brackish water may be feasible for irrigation or drinking water purposes, increases in 
salinity, and other water quality changes resulting from inputs of ASR water to surface 
ecosystems, may have unknown ecological effects (National Research Council, 2002). 
During recent time, several public interest groups have paid attention regarding 
whether ASR technology has been adequately proven in Florida, in regard to whether 
proposed applications for storage of treated surface water, reclaimed water and fresh 
groundwater in Florida’s brackish aquifers may lead to water quality and environmental 
issues (Maliva, Horvath and Pearce, 2004). Minerals such as pyrite and iron oxides, 
which are present in Florida limestone aquifers, may expose to oxygen during ASR cycle 
testing operations, in the subsurface geochemical and microbial changes may take place 
that leach trace metals out of the minerals and into underground ASR water. Based on 
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considerations of trace metals in ASR recovered waters from early stages of cycle testing 
and related EPA drinking water standards, it is shown that arsenic is the only trace metal 
that may be a potential issue required further careful investigation (Maliva, Horvath and 
Pearce, 2004). Table 2.1 shows the concentrations of heavy metals and radionuclides and 
the corresponding EPA drinking water standards. The United States Environmental 
Protection Agency (USEPA) and the World Health Organization (WHO) have established 
the arsenic level for drinking water at 10 μg/L. The arsenic concentration of ASR water in 
Table 2.1 is much excess the EPA drinking water standard. However, with a proper ratio 
between ASR water and lake water, the concentration of arsenic in the mixed water can 
be diluted and meet the drinking water standard after the ASR operation, but the impact 
of arsenic still needs to be further studied for a long-term ASR operation.  
Table 2.1 Heavy Metals and Radionuclides in ASR Water and Related Drinking Water Standards 




Arsenic µg/L 37 10 
Cadmium µg/L 0.058  5 
Copper µg/L 0.46 130 
Lead µg/L 0.054 15 
Mercury µg/L 0.00015 2 
Radium (Ra-226) pCi/L 2.79 5 
Radium (Ra-228) pCi/L 0.6 5 
Uranium µg/L 0.386 30 
Note 1: the original data of the ASR water is from Army Corps of Engineers Testing of the Pilot Study, 
Well EXKR-1, Cycle 1, Week 5 
Note 2: the drinking water standards data are from USEPA official website, 2010. 
 
On the other hand, the discharge of ASR water from the ASR wells into Lake 
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Okeechobee may bring excess ions such as calcium, iron, sulfate, etc. into the lake and 
has the potential to impact the biological and chemical environment of the lake water, and 
thus to impact the phosphorus equilibrium between water column, pore water and 
sediment of Lake Okeechobee. Some possible impacts to phosphorus equilibrium will be 
discussed in the following sections, respectively.   
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2.2 Possible Chemical Impact on Phosphorus Equilibrium 
2.2.1 The Impact of Alkalinity 
The alkalinity of water is a measure of its capacity to neutralize acids (Sawyer, 
McCarty and Parkin, 2003). The alkalinity of natural waters is due primarily to the salts 
of weak acids, while weak and/or strong bases may also contribute (Sawyer, McCarty and 
Parkin, 2003). Although many materials may contribute to the alkalinity of a water, the 
major portion of the alkalinity in natural waters is caused by three major classes of 
materials including hydroxide, carbonate and bicarbonate (Equation (a1); Sawyer, 
McCarty and Parkin, 2003). Alkalinity can be measured by titrating method, the Deffeyes 
diagram shown in Figure 2.2 can be used to facilitate equilibrium calculations. In typical 
groundwater and seawater, the alkalinity can be measured as Equation (a2) shown in 
Table 2.1. The equilibrium related to alkalinity may exist in the underground water 
shown in Equations (a3) to (a9), and after the ASR operation, the equilibriums may be 
interrupted and cause phosphorus release or sorption from the sediment.  
Table 2.2 Possible Equilibriums Related to Alkalinity in the Lake (Stumm and Morgan, 1996)  
No. Reaction ID 
1 [Alk]T = [HCO3−] + 2[CO32−] + [OH−] − [H+]  (a1) 
2 [Alk]T = [HCO3−]T + 2[CO3−2]T + [B(OH)4−]T + [OH−]T + 2[PO4−3]T + 
[HPO4−2]T + [SiO(OH)3−]T − [H+]sws − [HSO4−] 
(a2) 
3 HCO3− + H+ ↔ CO2 + H2O (a3) 
4 CO32− + 2H+ ↔ CO2 + H2O (a4) 
5 B(OH)4− + H+ ↔ B(OH)3 + H2O (a5) 
6 OH− + H+ ↔ H2O (a6) 
7 PO43− + 2H+ ↔ H2PO4− (a7) 
8 HPO42− + H+ ↔ H2PO4− (a8) 
9 [SiO(OH)3−] + H+ ↔ Si(OH)40] (a9) 
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2.2.2 The Impact of Calcium 
It is known that Calcium dynamics will largely help govern phosphorus dynamics 
in Lake Okeechobee should the ASR is under operation (Reddy, 1991). According to 
aquatic chemistry, calcium-bound phosphorus is largely phosphorus sorbed to calcite or 
dolomite, which in turn likely forms biogenetically in the sediments rather than in the 
water column. Given the fact that a significant relationship between exchangeable 
calcium (such as CaCO3) and phosphorus are actively involved in phosphorus retention in 
lake sediments, the following equilibriums between calcium and phosphorus are likely to 
be interrupted under ASR operation (Strumm and Margan, 1981; Stumm, 1985). 
Table 2.3 Possible Equilibriums between Calcium and Phosphorus in the Lake (Strumm and Margan, 
1996) 
No. Reaction ID 
1 H3PO4 ↔ H++ H2PO41− (b1) 
2 H2PO41− ↔ H++ HPO42− (b2) 
3 HPO42− ↔ H++ PO43− (b3) 
4 2PO43−+ 3Ca2+ ↔ Ca3(PO4)2 (b4) 
5 CaH2PO41+ ↔ Ca2+ + H2PO41− (b5) 
6 CaHPO40  ↔ Ca2++ HPO42−  (b6) 
7 Ca3(PO4)2 + 4H+ ↔ 3Ca2++ 2H2PO4− (b7) 
8 CaPO4− ↔ Ca2++ PO43− (b8) 
9 CaHPO4(s) ↔ Ca2++ HPO42− (b9) 
10 Ca4(HPO4)3(s) ↔ 4Ca2++ 3PO42− + H+  (b10) 
11 Ca10(PO4)6(OH)2 (s) ↔ 10Ca2++ 6PO42− + 2OH− (b11) 
12 Ca10(PO4)6(OH)2(s) + 6H2O ↔ 4Ca10(PO4)6(OH)2(s) + 2Ca2+ + 
2HPO42− 
(b12) 
13 CaP2O72− ↔ Ca2++ P2O74− (b13) 
14 CaHP2O7− ↔ Ca2++ HP2O73− (b14) 
15 CaHP3O103− ↔ Ca2++ P3O105−  (b15) 
16 CaHP4O122− ↔ Ca2++ P4O124− (b16) 
17 P2O74− +H2O ↔ 2PO43− + 2H+  (b17) 
18 10CaCO3(s)+ 2H+ + 6HPO42− + 2H2O ↔ Ca10(HPO4)6(s) + 10HCO3− (b18) 
19 CaHPO4 ·2H2O (brushite) + H+ ↔ Ca2++ HPO4−2 +2H2O(l) (b19) 
    
 17 
2.2.3 The Role of Iron 
Iron and Aluminum are main metals in controlling phosphorus sorption in mud 
sediments. It is reported that under anaerobic condition, the presence of ferrous hydroxide 
(Fe(OH)2) in lake sediments lead to more sorption sites, and may regulate phosphorus 
retention (Reddy, 1991). The vivianite (Fe3(PO4)2·8H2O) formation may be a possible 
reaction which related to pore water chemistry and sedimentation process (Reddy, 1991; 
Fagel et al., 2005). The phosphorus concentration in the pore water is normally regulated 
by adsorption, desorption or dissolution processes and the removal or sorption of 
phosphorus from solution by the solid phase of the sediments is largely controlled by the 
presence of amorphous oxides of iron and aluminum in Lake Okeechobee sediments 
(Reddy, 1991). The following reaction related to iron may take place in Lake Okeechobee 
sediments.  
Table 2.4 Possible Equilibriums between Iron and Phosphorus in the Lake (Strumm and Margan, 
1996) 
No. Reaction ID 
1 Fe(HP2O7)23− ↔ Fe3++ 2HP2O73− (c1) 
2 Fe(OH)2+ + H2PO4−↔ FeH2PO42+ +OH− (c2) 
3 FeNH4PO4 ↔ Fe2+ + NH41++ PO43−   (c3) 
4 Fe3(PO4)2 (s) ↔ 3Fe2+ + 2PO43− (c4) 
5 FeHPO4+ ↔ Fe3+ + HPO42−  (c5) 
6 FeH2PO4 2+ ↔ Fe3+ + H2PO4−  (c6) 
7 Fe(HP2O7)23− ↔ Fe3+ + 2HP2O73− (c7) 
8 FePO4·2H2O (s) (Strengite) ↔ Fe3+ + PO43− +2H2O (c8) 
9 Fe3(PO4)2·8H2O (Vivianite) ↔ 3Fe2+ + 2PO43− +8H2O (c9) 
10 FeCO3 ↔ Fe2++ CO32− (c10) 
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2.2.4 The Role of Sulfate 
In 1948, Hasler and Einsele hypothesized that sulfate additions to lakes could 
reduce the Fe:P ratio in bottom waters and thus increase avalilability of phosphorus. The 
hypothesis which was tested by using data from 51 lakes by Caraco, Cole and Linkens,  
suggests that sulfate concentration in lake water may be critical in controlling the Fe:P 
ration in anoxic bottom waters and that Fe:P ratios in bottom waters of lakes were 
significantly related to surface water sulfate concentrations. On the one hand, higher 
sulfate concentrations can increase the tendency of phosphorus release from bottom 
sediments; and it can increase availability of phosphorus released from sediments into 
anoxic bottom waters (Caraco, Cole and Linkens, 1993). Some possible chemical 
reactions are summarized as follows. 
Table 2.5 Possible Equilibriums Related to Sulfate in the Lake 
No. Reaction ID 
1 CaSO4↔ Ca2+ + SO42− (d1) 
2 CaSO4·2H2O (s) (Gypsum) ↔ Ca2+ + SO42− +2H2O (d2) 
3 MgSO4↔ Mg2+ + SO42− (d3) 
4 FeSO4·7H2O (s) (Melanterite) ↔ Fe2+ + SO42− +7H2O (d4) 
5 H2S ↔ H+ + HS− (d5) 
6 HS− ↔ H+ + S2− (d6) 
7 FeS(s) ↔ Fe2+ + S2− (d7) 
8 2FeS2 +2H2O +7O2(aq) → 2Fe2+ +SO42−+4H+ (bacteria, aerobic) (d8) 
9 H2S + O2 → 2H2O + 2S (bacteria, aerobic) (d9) 
10 2S + 2H2O + O2 →2SO42− + 4H+ (bacteria, aerobic) (d10) 
11 8[H] + SO42− → H2S+2H2O+ 2OH− (bacteria, anaerobic) (d11) 
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2.2.5 Phosphorus Equilibriums 
As mentioned earlier, the sediments of Lake Okeechobee can function as either a 
source or sink for Phosphorus. This process depends on the P content to the sediments 
and the physico-chemical properties of the sediments and the overlying water column. 
The interactions between the water column and the bottom sediment may compound the 
biogeochemical cycle due to the dynamics of phosphorus concentrations in both phases 
(Figure 2.2). Lake sediments accrete phosphorus and can develop sediment pore water 
phosphorus concentrations several folds higher than the counterpart in water column 
(Reddy, 1991; Haven and James, 2005). Phosphorus in sediments is thus present in 
inorganic and organic forms which can be divided into: pore water phosphorus, 
exchangeable phosphorus, non-apatite inorganic phosphorus (NAIP), apatite inorganic 
phosphorus (AIP), and organic phosphorus (Reddy, 1991).  






















Figure 2.3 A Schematic Diagram of Phosphorus Biogeochemical Processes between Sediment and 
Water of Lake Okeechobee (Reddy, 1991) 
 
Phosphorus and nitrogen are essential nutrients for organisms to grow in aquatic 
biological systems. Since phosphorus is always the nutrient in short supply in most fresh 
water bodies, a modest increase in phosphorus concentration may result in a whole chain 
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reducing dissolved oxygen, and resulting in the corresponding death of aquatic plants and 
animals. Primary sources of phosphorus pollution are agricultural inputs, sediments of 
tributaries, soils in the watershed, and large quantities of phosphorus contains in the 
lake’s bottom sediments (Olila and Reddy 1993, Flaig and Reddy 1995, Fisher et al. 
2001). These external and internal loading of phosphorus is responsible for the rapid 
eutrophication and widespread ecosystem stress of the lake back to three decades ago. 
Resuspended mud sediments can be another internal source of phosphorus to the 
water column (Evans, 1994). The resuspended particles of sediment may release 
phosphorus to the water column, thus mud sediment resuspension and transport can 
impact the water quality in the water column extensively. Sediment resuspension due to 
the hydrodynamic impacts such as strong wind and hurricane, which also affect the 
equilibrium, is a more random process, which net affect on water column phosphorus 
concentrations depend on the amount of labile or exchangeable phosphorus available on 
resuspended particles, whether concentrations of dissolved inorganic phosphorus in the 
water column are beyond or below the “equilibrium phosphorus concentration” (Pollman, 
1983). This equilibrium dictates whether net adsorption or desorption will take place, and 
the amount of sediment resuspended (Pollman, 1983).  
Increasing phosphorus accumulation in the sediments not only increases the 
internal load because of the greater fluxes of mineralized phosphorus to the pore water 
but also accelerates its rate of increase because sedimentary phosphorus exchange sites 
become progressively more saturated, reducing the ability of the sediments to buffer 
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against further increases of pore water phosphorus (Reddy, 1991). Suspended sediments 
also change light attenuation and affect the cycling of nutrients, organic micropollutants, 
and heavy metals in the water column and sediment bed (Blom et al., 1992; Van Duin et 
al., 1992).   
Depending on the water quality profile of recovered ASR water, there is a concern 
for various potential impact on flora and fauna in Lake Okeechobee.  Considerations 
have been paid attention to potential leaching of metals such as arsenic, mercury and 
uranium from the limestone aquifers into the recovered ASR water or into the 
surrounding aquifer, possible contamination of the aquifer with disinfection byproducts 
(DBPs), possible contamination with pathogenic micro-biota such as bacteria, viruses and 
protozoa, and mixing with surrounding brackish water so that recovery efficiency is 
decreased to meet drinking water standards. Similar concerns were expressed by the 
United States Geological Survey (USGS) in regard to the potential for ASR to alternative 
ground water quality to the extent that it may impact the possible future use of that 
resource (Maliva, Horvath and Pearce, 2004).  
Although natural concentrations of metals are at low levels in the limestone in the 
Floridan aquifer, these metals may have a trend to dissolve out of the limestone and 
elevate concentrations in the recovered water during ASR storage. Meanwhile, metal 
concentrations usually decrease with time, with distance from the ASR well, and with 
continuous operating cycles. No long-term ASR operation sites in Florida are known to 
have increased concentrations of metals such as arsenic, uranium or mercury, although 
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metals data is dispersed in many of the data sets (Maliva, Horvath and Pearce, 2004). On 
the other hand, the discharge of recovered water from the ASR wells into Lake 
Okeechobee may bring metals such as calcium, iron, arsenic and other trace metals into 
the lake and has the potential to impact the biological and chemical environment of the 
lake water, and thus to impact the phosphorus dynamics. In this study, we focused on the 
feedback of ASR water injection on phosphorus stability of the sediment, and suggest the 
optimal mixing ratio in ASR operation.  
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2.3 Introduction of Modeling Work  
Phosphorus has been the focus of water quality management for many years 
(Rohlich, 1970), because it is commonly considered as limiting nutrient for algal growth 
in fresh waters (Hutchinson, 1973), which plays a significant role in eutrophication 
processes. The exchange of nutrients between sediment and overlying water is an 
important eutrophication process (Wool et al, 2001). Mathematical models are effective 
tools to integrate the biogeochemical mechanisms and interactions between lake water 
and sediment, and can assist in predicting the trend of phosphorus dynamics in the lake. 
Several mathematical models were developed to simulate the concentration of 
phosphorus dynamics between water column and sediment in shallow lakes (Wool et al, 
2001). The processes of diffusion, dispersion, mineralization, adsorption and/or 
desorption, sedimentation, growth and death of algae are usually taken into account 
(Wang et al, 2003).  
Imboden (1974) developed a two-box model to estimate phosphorus internal 
loading based on water column mass balance of phosphorus. In recent time, mass balance 
together with mass transport method in sediments, which included more detail processes, 
has been utilized to study the phosphorus dynamics (Wang, 2003). In a multiple-layer 
model, which is a different approach to simulate phosphorus dynamics in sediments, 
sediments are typically divided into several layers. In this approach, the transport of 
phosphorus can be simplified based on the phosphorus flux in and out of each layer. One 
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early multiple-layer model is developed by dividing water column into two layers and 
sediment into 38 layers with 1 cm of thickness in each layer (Lung, 1975). However, 
aerobic and anaerobic conditions are not considered in the model.  
As the improvement in understanding of phosphorus characteristics, it is broadly 
accepted that the interaction between sediments and the corresponding overlying water 
column takes place only in the top active layer of 10 cm or less (Wang, 2003). Moreover, 
phosphorus models pay more attention to water-sediment interface and the detailed 
mechanisms and principles of the interface reactions. A model applied to Lake Veluwe, 
the Netherlands, was developed to describe nutrient dynamic exchange between lake 
water and sediments (Smits and Molen, 1993). In this model, the water-sediment 
interface is divided into four layers which are aerobic, oxidized, reduced and lower layers, 
respectively. The limitation of this model is that most of the parameters have to be 
estimated experimentally. One conflict in modeling is the degree of detail and complexity: 
simple models may have imprecise predicted values, but complex models cannot be 
easily applied and may increase the uncertainties of the modeling work (Beck, 1981).  In 
this study, focus has been placed on the impact of ASR operation on the phosphorus 
stability in the sediments. A simple model developed by Pollman (1983) for Lake 
Okeechobee was partially utilized as an auxiliary tool to address such impacts with the 
aid of isotherm test and column study.  
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2.3.1 Summary of Internal Loading Phosphorus Model (ILPM) 
A relatively simple mass balance model that incorporates non-linear Langmuir 
sorption dynamics to describe the partitioning of soluble reactive phosphorus (SRP) 
between the aqueous and solid phases in the sediments was developed by Pollman (2009). 
The model has a two-box (including water column and sediment box) with one 
compartment in the water column and three compartments including total sedimentary P, 
exchangeable P, and pore water dissolved inorganic phosphorus (DIP) in the surficial 
sediments (Pollman, 2009; Figure 3.1). The mass balance of each compartment is 
considered based on the approach developed by the original Vollenveider input-output 
model (1975) that was designed to predict in-lake phosphorus concentration as a function 
of external loading, net sedimentation, and hydraulic loss through the lake’s outlet 
(Equation (p1)).  
The parameter σ in Equation (p2) represents the net of two opposing processes: 
gravitational settling of P in particles and algae, and internal loading of P released from 
sediments, which is separated to two components considering internal loading and 
settling losses (Brezonik and Pollman, 1999).  The internal loading of phosphorus Lint in 
lakes is likely governed by two major processes in Lake Okeechobee including  
diffusion (Moore et al, 1998; Fisher et al, 2005) and wind-wave induced sediment 
resuspension (Jin et al, 2007). Diffusion represents the movement of soluble phosphorus 
across the water-sediment interface derived by a concentration gradient. Sediment 
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resuspension is a more stochastic process, which affected by the amount of sediment 
resuspended, and the exchangeable phosphorus concentration of resuspended particles 
and water column phosphorus concentrations, whether concentrations of DIP in the water 
column are beyond or below the equilibrium phosphorus concentration, which decides 













Figure 2.4 Schematic Conceptual Model of ILPM (Pollman, 2009) 
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2.3.2 Water Column of ILPM Model 
To describe a function relationship for Lint , three assumptions were made in 
ILPM model, which are: (1) Assume that the total release rate of phosphorus from the 
sediments is a function of the concentration gradient across the water-sediment interface; 
(2) Assume that the top sediments of Lake Okeechobee are well-mixed, and that the 
sediment depth of interest is about 5 cm; and (3) Assume that diffusive flux is a product 
of a mass transfer coefficient and the difference in dissolved inorganic phosphorus 
concentrations between water column and the pore water in the top sediments 
(Pollman,2009). 
 
2.3.3 Sediment Box of ILPM Model 
As aforementioned, the ILPM model includes mass balances for three 
compartments of the sediments: DIP, exchangeable P sorbed to solid phase particles in the 
top sediments, and sedimentary P. The exchangeable P in the sediments is primarily 
derived from DIP in the pore water, which in turn is derived from the mineralization of 
deposited organic matter. Sedimentary matter deposited from the water column is organic 
to a great extent in nature, with little sorbed P associated with the accreting particles 
(Pollman, 1983). 
In ILMP model, the Langmuir isotherms are used to describe the sorption process, 
which occurs with in Lake Okeechobee mud sediments (Pollman, 2009), and the rate of 
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adsorption is the product of the adsorption rate constant, the number of sorbent sites 
available and the concentration of sorbate (Morel, 1983; Jaycock and Parfitt, 1981). 
Sedimentary phosphorus (Psed) produces DIP through mineralization or decomposition, 
which is assumed to be first order with respect to Psed.  Thus, pore water DIP dynamics 
can be expressed by Equation (p11). Sedimentary phosphorus dynamics integrate gross 
settling from the water column, mineralization of organic phosphorus to DIP, and burial 
below the 5 cm mixed layer horizon. The entire fraction of settling P is assumed subject 
to first order decay, thus Equation (p12) represents sedimentary phosphorus dynamics, 
and Equation (p11) can be rewritten as Equation (p11a).  
Phosphorus sorbed to sediment particles is the third compartment of the sediment 
box, which acquires inorganic phosphorus from the pore water through adsorption, and 
phosphorus loses through desorption to the surface sediment (top 10 cm) and burial to 
deep bottom sediment (below 10 cm). Thus, the mass balance for sorbed or exchangeable 
phosphorus of sediment particles is given by Equation (p13). The model assumes that 
materials settling from the water column can be transported to the mud zone at the central 
part of the lake where it is deposited and remains. Therefore, the area of the sediment 
mud zone, Amud is substituted for lake area, A, as appropriate in equations (p1a), (p7), and 
(p11). Table 3.2 lists all definitions of parameters used in this model. 
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Table 2.6 Related Equations of ILPM Model 

































  Lint = vdiff ⋅ (DIPpore − DIPlake ) 
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JΓburial = ρbulk ⋅
(100 − %H 2O )
100
⋅1000 ⋅Γ ⋅ A ⋅ vburial  
(p14) 
Note 1: Equation (p1) is rewritten by inserting Equation (p2) and substituting equation (p3) for Lint. 
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Table 2.7 Related Parameters of ILPM Model 
Parameter Unit Description 
[General] Equation (p1-p2)  
V m3 lake volume 
Plake mg P/m3 the in-lake phosphorus concentration 
Lext mg 
P/m2-yr 
the loading rate of phosphorus from external sources per unit 
lake area 
A m2 the lake area 
Qout m3/yr the lake outflow or discharge rat 
σ 1/yr the net sedimentation coefficient, a first order decay 
coefficient 
Θ - the porosity of the sediment. 
vsettle m/yr the gross settling or sedimentation velocity 
H m the mean depth of the lake 
Lint mg 
P/m2-yr 
areal internal loading or release rate of phosphorus from the 
sediments 
[Water Column] Equation (p3-p4) 
vdiff m/yr the effective “piston” velocity describing the mass transfer of 
DIP across the sediment-water interface 
DIPpore mg P/m3 pore water dissolved inorganic phosphorus concentration 
DIPlake mg P/m3 lake water dissolved inorganic phosphorus concentration 
[Sediment Box] Equation (p5-p14) 
Rads mg/kg-yr the rate of adsorption 
kads m3/mg-yr the adsorption rate constant 
Γ∞ mg/kg the maximum concentration of sorbed phosphorus the solid 
phase is capable of sorbing 
Γ mg/kg concentration of sorbed phosphorus 
Jads mg/yr the total adsorptive flux 
Msed kg the mass of sediment in the top mixed layer 
ρbulk g/cm3 the bulk density of the sediment 
Rdes mg/kg-yr the rate of desorption 
kdes 1/yr the desorption rate constant 
Rdecomp mg/kg-yr the rate of mineralization or decomposition 
kdecomp 1/yr the first order decay constant 
Psed mg/kg the concentration of sedimentary P or organic P 
Jsedburial mg/yr sediment burial flux 
vburial m/yr burial velocity of sediments and pore water 
JΓburial mg/yr burial flux of sorbed phosphorus to the deeper sediments 
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CHAPTER 3 : ISOTHERM STUDY 
3.1 Sampling Work 
A sampling campaign was carried out on July 15th, 2009 to collect the top 15-cm 
of Lake Okeechobee sediment at the bottom of the lake with the depth of 3.8 m (11-foot) 
below the surface water. A sediment sampler used to collect samples has a 5-cm diameter 
core size. Unconsolidated floc sediment samples were collected with a piston corer to a 
depth of 15 cm at M8 site (Figure 3.1) in Lake Okeechobee. Lake water samples were 
collected and analyzed for building up the baseline water quality information and used for 
the lab-scale analyses for the measurements of partition coefficients among pore water, 
sediment, and water column phases. Each core can contain approximately 295 cm3 of wet 
sediment. A total of more than 160 cores of sediment was obtained in order to achieve the 
collection of 45 liter (12 gallons) of the top 15-cm of sediment samples that have been 
unconsolidated already. 
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Figure 3.1 Sediment map for Lake Okeechobee with sample site (Reddy, 1991) 
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3.2 Phosphorus Adsorption Isotherm Experiments  
Five grams of wet sediment samples were transferred into centrifuge tubes. Then 
30 mL of standard phosphorus solution, with initial P concentrations of 0, 0.1, 0.2, 0.4, 
0.5, 1.0, 2.0, 4.0, 10.0, and 50.0 mg P/L, was added to a set of sediment samples, 
respectively. We’ve chosen high SRP concentration of up to 50 mg/L to determine the 
maximum potential P adsorption capacity of sediments when all sorption sites are 
saturated. After 24 h of equilibration, the solutions were centrifuged at 3,000 rpm for 15 
min and 25 mL of the supernatant liquid was withdrawn by using a syringe and was 
filtered with 0.45 μm membrane filter. The filtered solutions were analyzed for SRP 
(Reddy, 1991).  
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3.3 Results of Adsorption Isotherm Analyses 
The Langmuir isotherm expressed as Equation (3.1) can support the derivation of 







Ck                       (3.1) 
When Equation (3.1) is defined as a Langmuir adsorption isotherm, it may 
provide a basis for predicting Γ and Γ∞. For the Langmuir adsorption isotherm, Γ∞ =
 
1/0.0126 = 79.37 mg/kg (wet sediment), k = 0.0126/0.0163 = 0.77, R² = 0.8313. Then we 
are able to determine the distribution of P between pore water and dry sediment. In this 
case, we measured 5 g wet sediment in a crucible and got the wet sediment dried up in an 
oven for 1 night and got the dry weight of the sediment that is 0.9882 g. Then used a 
transfer pipette to add pore water samples in and recorded the volume of pore water 
added (about 4.0 ml). For dry weight, 
 
Γ∞ = (79.37 mg/kg)•(5g wet weight)/(0.9882 g dry weight) = 402 mg/kg 
The Freundlich isotherm equation can be linearized as Equation (3.2). For the 
Freundlich adsorption isotherm, log K = 1.6848, thus K=48.3949; 1/n=1.0065, thus n = 
0.9935. For the purpose of comparison, Table 3.1 summarizes the results of isotherm 
experiment, and Figures 3.2 to 3.4 present a comparative analysis from linear adsorption 




                    (3. 2) 
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0 1 0.16 -0.94 0.15 -0.91 0.15 -0.92 
0.1 2 0.22 -0.74 0.23 -0.76 0.23 -0.75 
0.2 3 0.26 -0.38 0.26 -0.36 0.26 -0.37 
0.4 4 0.29 0.66 0.29 0.66 0.29 0.66 
0.5 5 0.30 1.17 0.31 1.15 0.31 1.16 
1 6 0.34 3.94 0.35 3.88 0.35 3.91 
2 7 0.50 8.98 0.50 9.03 0.50 9.00 
4 8 0.66 20.01 0.67 20.00 0.67 20.01 
10 9 1.04 53.75 1.04 53.75 1.04 53.75 




Figure 3.2 Adsorption Isotherm of Phosphorus in Surface Sediments of Lake Okeechobee 
 
 




Figure 3.3 Langmuir Adsorption Isotherm of Phosphorus in Surface Sediments of Lake Okeechobee 
 
 
Figure 3.4 Freundlich Adsorption Isotherm for Phosphorus in Surface Sediments of Lake 
Okeechobee 
 
Comparing the R-square value in Figure 3.3 (R2 = 0.8313) with that in Figure 3.4 
(R2 = 0.97), it may be concluded that Freundlich isotherm fits the model better than 
Langmuir isotherm. It is suggested that the sediments in Lake Okeechobee have multiple 
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layers with different species of minerals, each of which may have different affinities to 
phosphorus, instead of carbonous materials. In addition, in the active layer of sediment, 
different kind of minerals may have different distribution with different depth. Thus, the 
Freundlich Isotherm will be used in the following modeling development instead of 
Langmuir Isotherm.  
    
 41 
CHAPTER 4 : MODELING WORK 
4.1 Conceptual Framework  
This model was developed based on ILPM model discussed before. To study the 
impact of ASR operation, a relatively simple phosphorus equilibrium model was 
developed, without regard to the impact of discharge of lake water, storm and wind 
convection. We consider the top 10 cm of the sediment as the surface sediment which has 
interaction with the water column. In the present study, three compartments of water 
column, pore water and water membrane of the sediment were considered (Figure 4.1). In 
the control case of phosphorus stability of lake sediments, the pore water filled full of the 
pores of the surface sediment can be considered as a layer which plays an important role 
in regulating phosphorus solubility.  It is assumed that the sediments have a special 
water layer connected tightly to the sediment pores as a water membrane which is in 
charge of adsorption or desorption processes between pore water and sediments. The pore 
water layer can regulate the phosphorus release via sorption processes between the water 
column and the water membrane of sediments. The phosphorus in pore water should be in 
a dynamic equilibrium due to the balance between diffusion and adsorption. Also, 
phosphorus in water column and pore water may exchange and tend to reach a dynamic 
equilibrium. Therefore, two geochemical processes were focused in this study: the 
diffusion process between water column and pore water and the adsorption/desorption 
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process between pore water and water membrane of sediments. 
 
 
Figure 4.1 Conceptual Framework for the Sediment Phosphorus Modeling Analysis 
 
ASR  WATER 
WATER COLUMN 
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4.2 Model Development 
The top 10 cm of the sediment, which considered being the surface sediment, is 
fully filled with pore water. The concept of piston velocity, which is a mass transfer 
coefficient, was still used in this model, to describe the phosphorus diffusion process 
between water column and sediment. With the assumptions listed above, we can 
formulate an explicit expression for the phosphorus internal loading flux Lint from the 
sediments, which is equal to the product of piston velocity and the phosphorus difference 
between water column and water membrane of the sediment, as shown in Equation (m1). 
The phosphorus internal loading flux Lint is calculated as the mass of phosphorus 
desorbed from the sediment in unit area within unit time period (Equation (m2). And the 
mass of phosphorus desorbed from the sediment can be calculated from Equations (m3) 
and (4). 
The surface sediment in the mud zone is loose, porous and jelly-like, therefore, 
we expect it acts as absorbent which has more than monolayer coverage of the surface, 
and sites of which are heterogeneous, and in the isotherm study, it is proved that 
Freundlich Isotherm fits better than the Langmuir Isotherm does. Thus, Freundlich 
Isotherm was applied in this model as Equations (m5) and (6) in Table 4.1 instead of 
Langmuir Isotherm in the ILPM model. Table 4.2 lists all definitions of parameters used 
in our model. 
This mathematical model of phosphorus equilibrium was developed to give a 
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direction of how to calculate the phosphorus internal loading flux, donated as Lint, and the 
piston velocity, donated as vdiff, which describes the mass transfer of SRP across the 
sediment-water interface. This two factors can represent how much and how fast the 
phosphorus release from the sediment can be, and corresponding eutrophication impact. 
In the following chapter, a set of experiment will be setup to calculate the two factors and 
the related factors which can impact the eutrophication processes will also be discussed.   
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Table 4.1 Related Equations of Modeling Analysis 
No. Equation ID 
[Diffusion] 

























    
 46 
Table 4.2 Related Parameters of Modeling Analysis 
Parameter Unit1 Description 
Wp mg/cm3 SRP concentration of water column  
Pp mg/cm3 SRP concentration of pore water 
Sp mg/cm3 SRP concentration of water membrane 
Spe mg/cm3 equilibrium SRP concentration of water membrane 
Mpdes mg the mass of phosphorus desorbed from the sediment in 
interest period 
Mpads mg the mass of phosphorus adsorbed to the sediment in interest 
period 
Msed kg the mass of sediment 
Lint mg/cm2-day phosphorus internal loading flux from the sediments 
vdiff cm/day the effective piston velocity describing the mass transfer of 
SRP across the sediment-water interface 
Ased cm2 the area where mud zone covered 
t day time when phosphorus diffused to the water column 
q mg/kg adsorption density (mass adsorbate/mass adsorbent) 
qe mg/kg equilibrium adsorption density 
K mg/kg the capacity of the adsorbent 
n - adsorbate affinity, constant 
ρbulk mg/cm3 the bulk density of the sediment  
Vsed cm3 the volume of the sediment 
Note 1: The unit is set for calculation convenience. 
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CHAPTER 5 : PHOSPHORUS STABILITY STUDY 
5.1 Experimental Design 
5.1.1 Preparation of ASR water 
Groundwater samples were synthesized with the aid of collected information from 
an exploratory well in the Kissimmee River Aquifer Storage and Recovery (ASR) Pilot 
Project and water quality data collected beforehand were available for comparison. 
Synthetic ASR water was prepared according to the actual ASR water profile collected by 
the US Army Corps of Engineer (USACE). The actual ASR water is always anoxic and 
has less than -190 mV oxidation-reduction potential (ORP). The synthetic ASR water was 
prepared following the recipe shown in Table 5.1. Ultra pure nitrogen gas (99.999%) was 
introduced into the prepared synthetic ASR water inside an anaerobic glove box until the 
ORP measured less than -190 mV. Then the prepared synthetic ASR water was sealed and 
stored in a controlled temperature room at 4 C.  
Table 5.1 Recipe of the artificial ASR water1 





Na2CO3 92.2 Alkalinity 87 87 
FeSO4  ּ 7H2O 1.19 Fe 0.24 0.24 
CaCl2ּ2H2O 154.8 Ca 48 48 
MgSO4  ּ 7H2O 256.3 Mg 25* 2.4* 
NaCl 172.9 Na 132 100 
Na2SO4  ּ 10H2O 167.7 SO42- 150 150 
  Cl- 190 190 
Note 1: the original data of the ASR water is from Army Corps of Engineers Testing of the Pilot Study, 
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Well EXKR-1, Cycle 1, Week 5 
 
5.1.2 Phosphorus Stability Study Experiments 
 
Figure 5.1 Experimental Setup of Phosphorus Equilibrium Study 
 
Mixing the ASR water with the lake water on the top of sediment should be 
carried out by a sequential manner. For each set of phosphorus equilibrium experiment, 
six 2-L polypropylene graduated cylinders were prepared and named from Column 1 to 
Column 6, in which 700 ml prepared sediment was filled in each cylinder, and 1200 ml 
prepared lake surface water were poured in slowly to avoid the resuepension of sediment. 
Incubate the six 2-L graduated cylinders into a constant temperature chamber at 20 C for 
one month. Except Column 6, which is the control case, each cylinder was injected with 




1200ml Lake water 
700ml Sediment 
1 : 6 1 : 8 1 : 10 1 : 11 1 : 12 No ASR water 
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ASR water were used, including 1:6, 1:8, 1:10, 1:11 and 1:12, respectively (Figure 5.1), 
thus, volume of 200 ml, 150 ml, 120 ml, 110 ml and 100 ml ASR water was injected to 
the corresponding cylinder named from Column 1 to Column 5, respectively. Keep each 
set of experiments in an aerobic environment. After 12 days, take samples from each the 
cylinder. Pump the water of water column into a prepared glass bottle. Separate pore 
water and sediment by centrifuge at 5000 rpm for 20 min, and fill the pore water in 
another glass bottle. Store the sediments in a controlled temperature room at 4 Celsius for 
the afterward analysis. Measure parameters of water column samples and pore water 
samples according to Table 5.2.  
 
Table 5.2 Summary of the Analytical Methods used in this study 
Parameter Method Minimum Detection Level 
Temperature Temperature Probe 0.1 C 
pH pH Probe 0.01 
Conductivity Conductivity Probe 0.1 μs/m 
ORP ORP Probe 0.1 mV 
DO DO Probe 0.01 mg/L 
Alkalinity Hach Method 8203 10 mg/L as CaCO3 
Iron ICP 1 ppb 
Calcium ICP 1 ppb 
Magnesium ICP 1 ppb 
Sulfate Hach Method 8051 2 mg/L 
Chloride Hach Method 8206 10 mg/L 
Total Phosphorus Hach Method 8190 0.02 mg/L 
Soluble Reactive Phosphorus Hach Method 8048 0.02 mg/L 
 
    
 50 
5.1.3 Phosphorus Fractionation 
Different forms of phosphorus in sediment samples were determined by extracting 
phosphorus according to the scheme proposed by Rydin and Welch (1998). Phosphorus 
fractions are including: loosely bound or labile-P (including SRP) was extracted using 
KCl (KCl-P); Fe-bound P, was extracted using sodium hydroxide (NaOH-P); Ca-bound P 
was extracted using HCl (HCl-P) (Reddy, 1991; Tian and Zhou, 2008). In a separated 
extraction test, sediment samples were dried and total phosphorus were determined using 
persulfate digestion method (Bowman, 1989; Reddy, 1991; Thien and Myers, 1992). 
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5.2 Results and Discussion of Phosphorus Stability Study 
5.2.1 Physical and Chemical Analysis 
Each set of experiments were done for three times, and the average data of 
laboratory experiments are summarized through Tables 5.3 to 5.7. From Table 5.3 and 
Table 5.4, it is suggested that the surficial sediments were generally in aerobic 
environment. The pH value of each column becomes higher after the mixing of ASR 
water.  Since there are several cations and anions in the ASR water with much higher 
concentrations than those in water column and in pore water, the mixing may change the 
chemical environment and impact the chemical equilibrium in both water column and in 
pore water, which deserves further investigation.  
Table 5.3 Physical and Chemical Parameters Measured in Water Column 
Ratio ASR Amount 
(mL) 






(1:6) 200 w1 22.0 417 7.17 8.45 141.1 
(1:8) 150 w2 22.1 495 7.31 8.47 146.4 
(1:10) 120 w3 22.2 590 7.35 8.30 147.3 
(1:11) 110 w4 21.9 620 7.33 8.21 145.9 
(1:12) 100 w5 21.8 623 7.33 8.06 148.0 
Control 0 w6 21.8 626 7.24 7.98 156.1 
 
Table 5.4 Physical and Chemical Parameters measured in Pore Water 
Ratio ASR Amount 
(mL) 






(1:6) 200 p1 21.8 526 6.78 8.29 198.8 
(1:8) 150 p2 21.9 534 6.76 8.23 199.3 
(1:10) 120 p3 21.6 707 6.66 8.02 190.9 
(1:11) 110 p4 21.6 703 6.66 8.00 203.7 
(1:12) 100 p5 21.9 689 6.71 7.89 193.2 
Control 0 p6 21.7 684 6.44 7.72 196.4 
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(1:6) 200 w1 50.376 18.505 0.002 89.3 67.28 0.39 0.46 
(1:8) 150 w2 52.001 17.810 -0.002 82.0 57.46 0.51 0.53 
(1:10) 120 w3 52.729 18.042 -0.003 79.5 58.63 0.40 0.49 
(1:11) 110 w4 52.370 17.785 0.000 78.0 57.23 0.43 0.53 
(1:12) 100 w5 53.257 17.631 -0.001 76.7 56.83 0.48 0.54 
Control 0 w6 53.991 16.935 -0.001 67.6 48.75 0.51 0.55 
 
 


















(1:6) 200 p1 57.617 19.470 0.011 76.7 38.65 0.67 0.91 
(1:8) 150 p2 58.080 19.483 0.016 74.3 41.63 0.79 0.89 
(1:10) 120 p3 57.177 19.083 0.018 73.2 41.15 0.68 0.73 
(1:11) 110 p4 58.494 19.497 0.034 74.9 37.50 0.82 1.09 
(1:12) 100 p5 57.581 19.068 0.015 75.2 38.75 0.75 0.91 
Control 0 p6 56.894 19.016 0.016 72.9 35.21 0.52 0.75 
 
Alkalinity The alkalinity of water column and pore water in each column was 
much higher than in ASR water. The trend of alkalinity changed in each column of pore 
water and water column are shown in Figure 5.2. The range of alkalinity in water column 
varied from141.1 mg CaCO3/L to 156.1 CaCO3/L, while they changed from 193.2 mg 
CaCO3/L to 203.7 CaCO3/L in the pore water. When compared to the control case 
(Column 6, in which no ASR water was injected), the alkalinity of water column in 
Column 1 to Column 5 is smaller. The difference should be related to the amount of ASR 
water mixed and the corresponding different degree of dilution, diffusion, 
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adsorption/desorption processes occurred in each column. 
Ca and Mg The concentration of calcium and magnesium were stable both in 
water column and pore water (Figure 5.3) in all the 6 columns, and it is suggested that the 
ASR water didn’t bring in obvious impact in terms of the calcium and magnesium 
minerals, the concentrations of calcium and magnesium in either artificial or actual ASR 
water were similar to those in the lake water of Lake Okeechobee. Thus, different volume 
of ASR mixing didn’t have apparent effect on lake water and pore water profile in terms 
of calcium and magnesium minerals. In the sediment, more ASR water mixing may lead 
to have more Ca-bound P to release. However, the calcium concentration was not 
changed either in water column or pore water of the lake water since the ASR water 
brought in large amount of sulfate, and those sulfate may be bound to calcium to form 
gypsum (CaSO4·2H2O, Equation (d1) and (d2)). 
Iron However, the concentration of iron was changed both in water column and 
pore water with respect to different mixing ratio between ASR water and lake water. It 
can be evidenced by the concentration of iron in Table 1.2, in which the ASR water has 
higher iron content than that in lake water either in the water column or in the pore water. 
Thus, the mixing of ASR water would result in higher iron concentration in the water 
column as shown in Figure 5.4 (a), but this trend is not obvious for the content of iron in 
water column is too low to detect (under zero in the water column of control case when it 
is in equilibrium).  
Since the concentration of calcium and magnesium were similar in all the six 
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columns while the Ca-bound P decreased largely in the sediment when compared to the 
control case, and the Fe-bound P remained stable in the sediments all the times (Figure 
5.7). Therefore, the phosphorus released from the sediment may be bound to form 
Strengite (FePO4·2H2O), which has a low solubility product, as shown in Equation (c8). 
This process is more likely to take place in the pore water. It is shown that the more the 
ASR water, the more the phosphorus is bound to iron, thus the less the iron concentration 
in water column.  
Sulfate and Chloride The data of sulfate ranged from 47.75 mg/L to 67.28 
mg/L in the water column and from 35.21 mg/L to 41.63 mg/L in the pore water. The 
concentration of sulfate was the lowest in the control case, no matter whether it was 
compared against that in the water column (48.75 mg/L) or in the pore water layer (35.21 
mg/L). It is suggested that the high concentration of sulfate in the ASR water would have 
an impact on lake water, and higher mixing ratios would imply higher sulfate 
concentration that may leads to increase of sulfate concentration both in water column 
and pore water. The excess loading of sulfate may end up having some cations like iron to 
form melanterite (FeSO4·7H2O). In addition, sulfate can be utilized by some bacteria to 
form organic materials. Besides, the chloride was stable in the pore water. It is noticeable 
that the concentration of chloride tends to decrease as the mixing ratios decrease in the 
water column and keep stable in the pore water because of no interaction with other 
cations or anions. 
SRP and TP In Figure 5.6, the trend of SRP and TP are similar not only in the 
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water column, but also in the pore water. Hence, the concentration of organic P in each 
column may not have obvious difference; it may be because we put the entire six columns 
in the same environment to reduce the impact of biological processes. Yet we can not 
infer that the mixing of ASR water did not have impact on biological processes in lake 
water, since only anaerobic bacteria was included in the ASR water, and no other 
biological and ecological effects were shown in the column.  
In Figure 5.6 (b), it is worth noting that the SRP concentration in pore water 
layer in each column was higher than that in control case. This is because Ca-bound P 
was released from the sediment to pore water layer as shown in Figure 5.7. However, 
there was not large increase of phosphorus concentration in water column, and it actually 
decreased in Column 1, 3, 4 and 5. This is due to the buffer function of pore water. The 
pore water plays a role as a buffer zone to regulate the phosphorus concentration between 
water column and sediment. As a consequence, after phosphorus releases from the 
sediment, the concentration of phosphorus in water column would not increase 
immediately, and the final concentration of phosphorus in water column depends on the 
chemical environment of pore water.  
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(a) Water Column                        (b) Pore Water 
Figure 5.5 Chloride Sulfate 































(a) Water Column                        (b) Pore Water 
Figure 5.6 SRP TP 
 


















Figure 5.7 Phosphorus Fractionation Curves for all the Six Columns 
ASR 
Amount  













mL - mg/L mg/L mg/L mg/L mg/kg mg/kg mg/kg mg/kg 
200 1 -0.10 1.55 3.91 7.13 -1.48 23.28 58.59 107.00 
150 2 -0.12 1.64 3.95 6.67 -1.78 24.57 59.27 100.12 
120 3 -0.12 1.65 5.01 7.56 -1.78 24.81 75.14 113.36 
110 4 -0.12 1.66 4.23 7.16 -1.82 24.91 63.42 107.41 
100 5 -0.12 1.62 5.24 10.28 -1.85 24.28 78.54 154.19 
0 6 -0.12 1.64 7.21 12.66 -1.82 24.61 108.12 189.93 
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5.2.2 Analysis of Piston Velocity  
Piston velocity is a mass transfer coefficient, which describes the mass transfer of 
phosphorus across the water-sediment interface. The calculation of piston velocity follows the 
procedure in Figure 3.3. In this calculation, the area of sediment equals to the cross sectional 
area of columns, which is ( ) 222  716.524/5.84/ cmDA columnsed === ππ  and the volume of 
sediment is Vsed = 700 mL. The time of phosphorus diffused in this experiment is 12 days and 
the bulk density is 3 9470.050/3512.47 mg/cmbulk ==ρ  for wet sediment. The calculated data 
of piston velocity is show in Table 5.8. Since lake water and sediment was already in 
equilibrium in Column 6, the piston velocity should be zero.
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Table 5.8 The Calculation of Piston Velocity 
Column Ratio  
 
ASR 
Water Mpdes Lint vdiff 
No. (ASR/Lake Water) mL mg mg/cm2-day cm/day 
1 (1:6) 200 54.98 0.08 45.93 
2 (1:8) 150 59.54 0.09 55.49 
3 (1:10) 120 50.76 0.07 33.07 
4 (1:11) 110 54.70 0.08 42.13 









































Figure 5.10 The Curve of Piston Velocity of all the Columns 
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5.2.3 The Holistic Geochemical Assessment of ASR Operation 
From Figures 5.7 5.9 and 5.10, the six columns can be divided into three groups 
for the convenience of expression, namely Columns 1 and 2 (Group 1), Columns 3 and 4 
(Group 2), and Columns 5 and 6 (Group 3). It can be concluded that Group 1 produces 
the largest the internal loading of phosphorus as calculated by the piston velocity. Hence, 
their impact on phosphorus equilibrium at the sediment bed is the largest compared to the 
control case, which may lead to aggravate the eutrophication problems after long-term 
ASR operation. With higher volume of ASR water mixed, the concentration of 
phosphorus was diluted in Column 1, so the eutrophication in Column 2 could be 
relatively serious within group 1. The similar judgment of dilution effect may be applied 
to Group 2 and 3 too for doing within-group assessment. 
In Group 2, lower internal loading and piston velocity were found. From Figure 
5.6 (a), phosphorus concentrations of water column in both Column 3 and 4 are lower 
than the control case, which can lead to decrease the eutrophication problems in Lake 
Okeechobee. Nevertheless, group 2 did not show good feedback in several other aspects 
such as alkalinity and iron concentrations in Column 4, whereas such feedback in 
Column 3 was moderate. 
In Group 3, Column 5 had the least internal phosphorus loading and piston 
velocity, which desorbed the least amount of phosphorus to water column and pore water; 
however, the concentration of phosphorus in water column became higher because of the 
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lower mixing ratio. In other words, the dilution effect in this water column was not 
enough to buffer the release of the phosphorus from the sediment bed such that the 
eutrophication potential will become bigger as compared to group 2.  
To further clarify the justification, a common set of criteria can be developed as 
shown in Table 5.9. In these criteria, the ecological effect of ASR operation including 
changes of cations and anions in water column and the eutrophication potential, which 
was quantified by the concentration of phosphorus in water column, internal loading, and 
piston velocity are considered. The comparisons across these five mixing ratios against 
the control are summarized in Table 5.10.  
To sum up, the ratio between ASR water and lake water of Column 3, 4 and 5 are 
all feasible, however, Column 3 has the lowest impact on lake water in all aspects 
including the alkalinity, pH, concentration of ions and anions and the concentration of 
SRP and TP. In this experiment, the ratio of 1:10 of ASR water and lake water is proved 
to be an optimal option for long-term ASR operation in terms of both eutrophication 
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Table 5.9 A Set of Common Criteria to Compare ASR Operation in Each Column 
Parameter Merits Description 
Ecological Effects 
Alkalinity 1 If approximate to control case, merit 1, if not, 0. 
Calcium 1 If approximate to control case, merit 1, if not, 0. 
Magnesium 1 If approximate to control case, merit 1, if not, 0. 
Iron 1 If approximate to control case, merit 1, if not, 0. 
Sulfate 1 If approximate to control case, merit 1, if not, 0. 
Chloride 1 If approximate to control case, merit 1, if not, 0. 
Eutrophication Consideration 
SRP/TP 5 Rank all the columns, the lower concentration, the higher merits. 
Lint/vdiff 5 Rank all the columns, the lower concentration, the higher merits. 
 
Table 5.10 Comparison of ASR Operation Among Each Column 
Parameter Column 1 Column 2 Column 3 Column 4 Column 5 
Alkalinity 1 1 1 1 1 
Calcium 1 1 1 1 1 
Magnesium 1 1 1 1 1 
Iron 1 1 1 0 1 
Sulfate 0 1 1 1 1 
Chloride 0 1 1 1 1 
SRP/TP 5 2 4 3 1 
Lint/vdiff 2 1 4 3 5 
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CHAPTER 6 : CONCLUSION 
This study provided a new method to assess the impact of ASR operation and 
systematically addressed the concern of a proper ASR operation from a geochemical 
point of view without involvement of hydrodynamic assessment such as hurricane 
impacts, storm impacts and regular release of lake water.  
A holistic geochemical assessment was provided to estimate the impact of 
eutrophication and ecological effect after the mixing of ASR water with lake water. Five 
different mixing ratios between ASR water and lake water were considered. Sensitivity 
with respect to the chemical equilibrium between lake water and ASR water in 
connection with the phosphorus stability at lake sediment bed was investigated by a series 
of lab-scale batch and column tests. The study showed (1) that even ASR water has 
different profile with lake water, chemical reaction is not an important factor to impact 
the phosphorus stability of lake sediment and (2) that the adsorption/desorption 
equilibrium of phosphorus between lake water and sediment is the main factor to control 
the phosphorus fate and transport in the sediment and (3) that the mass transfer of 
phosphorus is determined by the competition of dilution effect, which is caused by the 
injection of ASR water, and the adsorption/desorption processes between lake water and 
sediment.  
A mass transfer coefficient named piston velocity was applied to describe the 
phosphorus mass transfer through pore water layer, which acts as a buffer zone of 
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phosphorus between water column and sediment to explain the transport and fate 
processes in the subsurface environment. The efforts collectively lead to estimate the 
eutrophication potential and possible ecological effects after mixing. Based on a set of 
assessment criteria considering ecological effect and eutrophication potential, a ratio of 
1:10 between ASR water and lake water was suggested to mitigate the problems of 
eutrophication, thereby buffering more external phosphorus loading in the long-run. With 
this ratio, we expect to find out more ecological benefits due to the ASR operation. 
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APPENDIX: QA/QC CHECKS 
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A1 Quality Control Indicators 
Quality assurance and quality control is an important part to produce reliable data. 
The quality assurance and quality control of the project is done by ensuring the following 
items: analysis the recovery of known additions, analysis of standard to create a standard 
curve, analysis of reagent blanks and analysis of duplicates. 
A1.1 Precision 
Precision provides an estimate of random error. Precision is evaluated using analysis 
of matrix spiked duplicates. Relative percent difference (RPD) is determined by the 
following formula: 
%100
result)/2 duplicate result  sample(
result) duplicate -result  (sampleRPD ×
+
=  
A1.2 Type of QC Samples 
There are three types of samples: standard (ID: s1-s5), water column (ID: w1-w5) 
and pore water (ID: p1-p5). The standard stock solutions for phosphorus are purchased 
from HACH company, Loveland, Colorado. All the glass wares are washed by 1:1 
hydrochloric acid solution. After that the glass wares are rinsed by tap water for three 
times and DI water for one time followed by oven drying until all water is evaporated. 
The standards are prepared from the stock solution. Duplicates and spiked sample of tap 
water is analyzed to check the accuracy and precision of the standard curve. Please see 
the recovery in the following table in detail.  
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Table App.1 RPD of the Samples 
Parameter No. of Test Standard Water Column Pore Water 
Calcium Test 1 97.08% 97.08% 94.51% 
Test 2 92.41% 92.41% 119.43% 
Test 3 92.41% 114.27% 107.42% 
Magnesium Test 1 103.99% 103.99% 119.71% 
Test 2 99.36% 99.36% 87.49% 
Test 3 99.36% 115.56% 115.36% 
Iron Test 1 102.95% 102.95% 118.39% 
Test 2 84.10% 81.40% 83.20% 
Test 3 84.10% 94.32% 95.83% 
Sulfate Test 1 117.63% 93.95% 112.74% 
Test 2 90.35% 107.30% 109.50% 
Test 3 96.20% 102.13% 98.99% 
SRP Test 1 111.30% 99.03% 107.12% 
Test 2 104.53% 95.06% 104.53% 
Test 3 101.25% 94.87% 101.25% 
TP Test 1 103.98% 99.06% 110.87% 
Test 2 104.64% 93.26% 104.64% 
Test 3 102.17% 101.32% 102.17% 
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